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Subsea cable tracking in an uncertain environment using particle filters
T. Szyrowskia∗, S.K. Sharmaa, R. Suttona and G.A. Kennedyb
aSchool of Marine Science and Engineering, Plymouth University, Plymouth, UK; bCamborne School of Mines, Exeter University,
Cornwall Campus, Penryn, UK
Localization of subsea cables is a demanding and challenging task. Among the few methods reported in the literature, mag-
netic ﬁeld detection is the most promising one, as the cable does not require to be seen visually. Magnetic noise and a quick
attenuation of the magnetic ﬁeld propagating in sea water often make available methods unreliable. The authors propose a
novel method of using particle ﬁlters for estimating the position of a subsea cable in a highly uncertain environment. The
method was tested on data collected from a buried cable in the Baltic Sea, Denmark and shown to have a close approxi-
mation to the true location of the subsea cable. The method can be used to localize a subsea cable in an oﬀshore noisy and
uncertain environment and provides an inexpensive alternative to the use of a diver or a remotely operated platform.
Introduction
Subsea cables play an important role in current economy.
They provide power and communications links between
continents and islands, and also connect a growing num-
ber of oﬀshore installations. The subsea cables need to
be periodically checked, localized and repaired for faults.
Localization of the subsea cables is a diﬃcult and costly
task, as dynamic sea environments keep changing the
cables’ initial position and their burial depth (Szyrowski
et al. 2013a).
The current state of knowledge in estimating posi-
tion and burial depth of marine power cables relies on a
mainly deterministic approach and mathematical inversion
methods (Cowls & Jordan 2002; Won 2003; Szyrowski
et al. 2013b). A magnetic signal emitted from the cable
is sampled in two diﬀerent points in space and attenuates
at a faster rate because of the salinity of sea water. The
magnetic ﬁeld signal can thus be measured only in close
proximity from the source, and in practice the signal can
only be measured within a 5 m range (Takagi et al. 1996;
Kojima et al. 1997; Szyrowski et al. 2013b). This creates
a problem in marine survey, as it has to be performed by
a remotely operated vehicle or a specialized driver and
thus susceptible to increases in operational cost and risks
to human health and life. The diver can only remain in the
water for a short period of time, and it is diﬃcult to operate
in limited visibility and/or strong currents. In addition, the
localization of the cable based on a human’s judgement is
susceptible to errors and not reliable in most cases (Ortiz
et al. 2000).
One solution to this is to devise a surveying method
from the surface of the sea without engaging a diver. This
will require a reliable method for long-range detection,
*Corresponding author. Email: tomasz.szyrowski@plymouth.ac.uk
which can cope with the uncertain environment to reduce
the eﬀects of noises coming from various sources such as
engines of the surveying boat, communication devices and
other sources of magnetic ﬁelds.
This paper introduces a novel stochastic method based
on particle ﬁlters to estimate the distribution of a mag-
netic ﬁeld on the sea surface in an uncertain environ-
ment and accurately predict the location of the cable.
Following on from this introductory section, the rest of
the sections are summarized as follows. The underlying
magnetic ﬁeld emitted from a conducting wire and the
current localization methods is investigated. Then, the
model of the magnetic ﬁeld distribution from a subsea
cable is described, followed by a a general background
of particle ﬁltering and its application to the localiza-
tion of subsea cables. The paper ﬁnishes with concluding
remarks.
Magnetic-field distribution from a very-low-frequency
current-carrying conductor
The magnetic and electric ﬁelds surrounding a submarine
cable originate from the electric currents and charges that
either exist in the cable or are induced in surrounding
waters. The ﬁelds can be determined by solving Maxwell’s
equations (Olsen & Wong 1992). The magnetic ﬁeld from
a distribution of current at any point in space can be
determined by the formula:
B = ∇ ×
∫
All space
μ0 J(t − (r/c))
4πr
dv (1)
where B is the magnetic ﬂux density, c is the speed of light,
J is the distribution of the current in space, r is the distance
© 2015 Institute of Marine Engineering, Science & Technology
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from the source to the ﬁeld point, μ0 is the permeability of
free space, and ∇× is the curl operator.
For the purpose of a submarine cable survey, the fre-
quency of the time-varying current is often in the range of
25–100 Hz. Use of these extremely low frequencies (ELF)
is mainly determined by the relation between the frequency
and attenuation of the magnetic ﬁeld in sea water (Szy-
rowski et al. 2013b). The use of ELF allows a quasi-static
approach to the analysis of the magnetic ﬁeld where the
spatial distribution of the ﬁeld maintains the same shape,
but its amplitude varies in time with the source. The same
does not necessary hold for a high-frequencies method
(Olsen & Wong 1992).
Olsen and Wong (1992) proposed that a magnetic ﬁeld
(MF) can be described by three components. A ‘static’
MF is characterized by the term (1/r3), an ‘induction’
component by (1/r2) and a ‘radiation’ term by (1/r). In
the quasi-static method, the eﬀect of the radiation ﬁeld is
neglected, as the ratio of the contribution from the radia-
tion ﬁeld to the static ﬁeld in the MF is very small (Olsen
& Wong 1992).
A submarine cable can be modelled as an inﬁnitely
long current-carrying wire. The MF from cable is calcu-
lated using Equation (2) below by adding the MF from the
individual dipoles placed along the z-axis (Olsen & Wong
1992).
B = μ0 I a
2
4π{∫ ∞
−∞
I(z′) cos[ωt − k(ρ2 + (z − z′)2)1/2 ]ρ dz′
(ρ2 + (z − z′)2)3/2
−
∫ ∞
−∞
k I(z′) sin[ωt − k(ρ2 + (z − z′)2)1/2 ]ρ dz′
ρ2 + (z − z′)2
}
(2)
where I(z′) is the current along the z-axis, ρ =
(x2 + y2)1/2 and sin θ = ρ/r.
Equation (2) is diﬃcult to solve, and the MF from a
uniform current I(t) along an inﬁnitely long wire can be
solved easily using Ampere’s law, since, in a quasi-static
mode, the current shape can be assumed constant in space
with only amplitude varying in time:
I (t) = I cos(ωt) (3)
For an electric current density J and circle of radius C
centred on the wire, with the surface S, which includes the
wire, Ampere’s law in its integral form is given by:∫
C
B · dl = μ0
∫
S
(J + jω 0 E) · ds (4)
The left-hand side of Equation (4) is equal to 2 πρB,
and the other components of the MF are zero. On the right-
hand side, the integral gives the total current on the wire
(I cos(ωt)). Olsen and Wong (1992) argue that for very
slow time-varying ﬁelds, the magnetic and electric ﬁelds
become uncoupled and independent of each other, and the
term [jω 0 E] can be ignored.
The MF density resulting from the current I ﬂowing
through the straight conductor with the length
−→
dl can be
calculated using the Biot–Savart law (Dezelak et al. 2010):
B = μ0 I
4π r
(
−→
dl × r) (5)
This approach can be problematic if the conductor
does not follow a straight path. The problem of the diﬀer-
ent geometry of the carrying current wire was considered
by Olsen et al. (1988). They proposed approximating the
current path by straight line segments with a constant cur-
rent. The MF at sample point P can be described by the
equation:
BP = μ0
N∑
i=1
Ii
4π |riP| (sin θi1 + sin θi2) ai × aiP (6)
where N is the number of segments, Ii is the current on
segment i, |riP| is the length of the vector from the centre
of segment i to point P, ai is a unit vector in the direction
of segment i, and aiP is a unit vector in the direction of
vector riP.
The analytical solution for the MF from a single
current-carrying conductor can be obtained using the 3-
D Integration Technique (El Dein 2009) based on the
Biot–Savart law as:
BP = μ0
∫
l
I(l) dl × −→aP (l)
4π |−→rP (l)|2
(7)
where l is the parametric position along the current path,
I(l) is a line current, −→rP (l) is a vector from the source point
S = (xs, ys, zs) to the ﬁeld point P = (xP, yP, zP), −→aP is a
unit vector in the direction of −→rP (l), and dl is a diﬀerential
element in the direction of the current.
The calculation of the MF from the overhead transmis-
sion lines assumes that the line is surrounded by air with
zero or negligible conductivity. This is not the case if the
line is buried in the soil or submerged in saltwater. Gard
(2002) considered the MF for buried cables, where the con-
ductivity and permittivity are diﬀerent from that in the air.
He considered the cable as straight sections of line where
the magnetic ﬂux is radially symmetric and can be con-
sidered to resemble cylindrical shells. The magnetic ﬂux
density could then be described by:
B = μr μ0 I
2πr
−→αφ (8)
where −→αφ is the tangential unit vector in a cylindrical
coordinate system, and μr is the relative permeability of
the soil.
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Equation (8) can be translated to Cartesian coordinate
as:
B = −μr μ0 I(y + d)
2π (x2 + [y + d]2)
−→αx
+ −μr μ0 Ix
2π (x2 + [y + d]2)
−→αy (9)
The propagation of an MF in sea water involves many
diﬃculties and has been a topic of research for many years.
It is mostly aﬀected by four properties of the sea (Bogie
1972). One of these factors is conductivity, with a typical
value of 4 Siemens per metre (S/m) for sea water and 0.001
S/m for freshwater (King 1989). Conductivity depends
upon factors such as salinity, temperature, and pressure or
excitation frequency. The second is permeability, which
is usually taken as its value for free space (4π 10−7
Henrys/m). The permeability for non-ferromagnetic media
such as sea and freshwater can be negligible. The third is
permittivity and is correlated with frequency but for polar
liquids can be considered constant for frequencies below
109 Hz. The permittivity of free space varies between 78 ×
10−13 and 81 × 10−13 Farads/m. The fourth factor is polar-
ization. Sea water is an electrolyte, and unless the ﬂowing
current is alternating, the polarization has an impact on the
magnetic propagation.
A comparison of the attenuation in diﬀerent types of
water was conducted by Abdou et al. (2011). The authors
point out that the complex propagation constant γ is
described by an attenuation constant ∝ and phase constant
β as in Equation (10):
γ = α + j β (10)
All the calculations were assumed on the basis that
the current is carried by an inﬁnitely thin wire. For the
purpose of marine surveys, the thickness of the cable can
be neglected. The distance between the cable and the sea
surface often exceeds 3 m, which is dictated by the safe
depth of a marine survey boat operation, and the thick-
ness of the modern submarine cable is 0.069 m. It is safe
to assume that the distance is measured from the centre of
the cable.
Current methods for subsea cable detection and track-
ing use a deterministic source estimation based on a single
sample point (Szyrowski et al. 2013b). The measurement
is taken in a single location, and the distance calculated
is based on a diﬀerence of the coils readings. The main
assumption is that the strength of the MF at a sample point
from the source can be fully described by a distance from
the source and with a simple decay function. Cowls and
Jordan (2002) have pointed out that this assumption is not
always true. They used a linearization algorithm to calcu-
late signal-strength decay in relation to the distance x from
the source. They suggested that signal strength decays with
a factor of x−3. The decay of magnetic signals is also con-
sidered by Al-Shamma’a et al. (2004). They proposed that
the conductivity of the sea water was the main reason for
MF attenuation. They suggested that the attenuation of the
magnetic signal strength E increases with distance and fol-
lows Maxwell’s equation: E = E0 e(−α x), where x is the
distance between the transmitter of a magnetic signal and
the receiver, and α is the attenuation factor measured in
decibels per metre (dB/m).
One of the existing methods for a cable localization is
a Tinsley MKII cable detector (Tinsley 2012). The oper-
ating principles of the Tinsley method are based on the
(a) (b)
Figure 1. Diﬀerence in the coil’s readings for (a) diﬀerent distances from the cable and (b) a MF attenuations in sea water.
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assumption that the MF attenuation in sea water can be
described by an exponential decay curve. The signal from
the source is sampled by two horizontal coils placed 0.5 m
from each other. The diﬀerence in readings compared with
the decay curve gives an estimation of the distance between
the coils and the cable.
Figure 1(a) illustrates the sampling on the decay curve.
The dashed lines correspond to the readings from the pair
of horizontal coils when the frame is placed at a distance of
1 m, 1.5 m and 3 m, respectively. Given that the attenuation
rate related to salinity is known, the diﬀerence between the
coil’s readings can be referenced to the distance from the
source.
The attenuation curve is not a general characteristic for
sea water. It largely depends on the salinity and related
to the conductivity of the water. An estimated relation
between water salinity and coils readings is illustrated in
Figure 1(b). It should be noted that the salinity of the
water and its impact on the MF attenuation can only be
approximated by the exponential curve. In the marine envi-
ronment, the conductivity of the water can have diﬀerent
layers and can change over time.
The estimation of the distance based on the diﬀerence
between coil readings limits the Tinsley method to 3 m
from the cable. This limitation comes not only from MF
attenuation; primarily after the 3 m range, the diﬀerence
becomes very small and estimation is ambiguous.
Modelling of MF emanating from the subsea cable
To investigate the propagation of the MF from a wire
buried in the sea bed, theoretical modelling was conducted
ﬁrst. For the purpose of a basic search algorithm, a simple
model is implemented.
The most basic model consists of the cable’s line fol-
lowing a given equation. The induced MF on the water
surface is represented by a vector ﬁeld on the plane z = 0.
The MF from the cable is approximated as a function of its
current, the shortest distance from the cable, a single atten-
uation parameter and a ﬂux vector as a cross-product of the
cable’s tangent vector and the shortest distance vector.
The MF is sampled along the path covered by a sur-
vey platform with mounted magnetic sensors. The samples
are taken at equal time intervals at a constant speed with
the platform moving along the lines perpendicular to the
cable’s direction. The path of the platform can be modelled
by a sinusoidal function and can be called a sensor’s path.
The MF on the water surface constitutes a mesh, which can
be interpolated to any point along the sensor’s path. The
mesh is constructed from a ﬁnite number of points, and the
shortest distance to the cable is calculated from each point.
The direction of the MF will be given by the direction of
the unit vector, which is the cross-product of the direction
of the cable and that of the shortest distance. The magni-
tude of the MF will be calculated from the distance and the
attenuation factor.
The MF resulting from the current in the cable is sam-
pled with magnetic sensors. A good description of sensors
based on inductance coil can be found in Tumanski (2007).
The transfer function V = f (B) describes a coil’s output
voltage V as a signal related to changing MF B and is
deﬁned by Faraday’s law of induction:
V = −n dφ
dt
= −n A dB
dt
= μ0 nA dHdt (11)
In Equation (11), φ is the magnetic ﬂux through a coil
with n turns and area A. The signal from the coil V is
proportional to the rate of change in ﬂux density dB/dt
and requires integration of the coil output over the time
of phase or full cycle of an alternating MF.
To verify the theoretical aspects of this work, data were
collected during a real survey in the Baltic Sea. The search-
ing coils were on board of the survey platform, which was
an 8 m boat. The horizontal coil was placed aligned with
the boat heading, and the vertical coil was placed in the
direction of the vector [x,y,z]= [0,0,1].
The vectors of the platform’s heading and MF are
shown in Figure 2. All three components of the MF
source change with the movement of the platform. As
the platform moves from point Pk−1 to Pk by a vector
p k(p
(x)
k , p
(y)
k , p
(z)
k = 0), the dominating source of the MF
moves by the projection of the vector p k into the vector
of the direction of the cable dk(d
(x)
k , d
(y)
k , d
(z)
k ). The vector
dk is the vector of the cable at the source Sk. A moving
charge of electric current moves on the same path, and
so the vector dk is also in the direction of the moving
charge.
During the survey, the position of the survey boat is
read by a precise global positioning system (GPS) read-
ing, and a tidal height variations control system was
used to correct the measurement of the water column
depth.
The strength of the MF above the cable can be
described as a distribution with a given shape as shown
in Figure 3. Each sample point can be represented as the
column vector of the position’s components Pk, but it also
needs to incorporate the vector direction of the cable dk at
the time step k and a vector of platform heading hˆk, which
in practice gives an orientation of the sensors. As the future
direction of the cable can be only assumed based on the
past data, the direction of the cable at the source point Sk
can be estimated as dˆk where the hat notation represents the
unit vector.
xk =
⎡⎢⎢⎣
Pk
hˆk
dˆk
Sk
⎤⎥⎥⎦ (12)
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Figure 2. Visualization of vector directions.
Figure 3. Strength of MF above the cable.
The MF distribution can be described as integration
along all sample points.
∫ k=n
k=1
f (xk) + whk + wpk + wdk
=
∫ k=n
k=1
⎡⎢⎢⎣
Pk + wPk
fh(hˆk−1) + whk
fd(Sk−1, Sk) + wdk
Sk−1 + (p k · dk)dˆk + wPk
⎤⎥⎥⎦ (13)
The noise wPk relates to estimation of the position of
the source point along the direction of the cable. This noise
comes from readings of the platform’s position and can be
assumed to be white Gaussian. Similarly the noise of the
sensor’s heading whk comes from sensor inaccuracies and
from the survey platform’s pitch, roll and yaw. The noise
can also be assumed to be a white Gaussian.
If the cable follows a bent curve, while a small range
the path can be approximated by a second-order ﬁt. In such
cases, the function fd(Sk−1, Sk) can become a nonlinear
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regression or spline and can incorporate n source points to
become fd(Sk−n, Sk−n+1, . . . , Sk). The noise wdk will fol-
low a deviation from the straight line and will not be white
Gaussian.
The MF Bk at the measurement point Pk can be cal-
culated based on the Biot–Savart law as described in
Equations (7), (8) and (9), and can be simpliﬁed as:
Bk = μ0 I
4π r3k
( dˆk+1 × rk) = μ0 I
4π r3k
(dˆk+1 × [Pk − Sk])
= c ( d̂k+1 × [Pk − Sk])
r3k
(14)
In Equation (14), μ0 I/4π is constant along the cable
and can be written as a constant c.
The state equation allows us to calculate the MF vector
Bk pointing from the measurement point Pk.The MF at the
point is measured by two coils. One of the coils is placed
horizontally in the direction of the platform path. The sec-
ond coil is placed vertically to the water’s surface. This
set-up is depicted in Figure 4.
The measurement model can be deﬁned as the output
from the coils placed in the MF with vector B as described
in Equation (11).
Figure 5 shows theoretical readings from both horizon-
tal and vertical coils. The left part of the ﬁgure represents
the horizontal coil’s output with a single peak above the
cable. The right part of the ﬁgure represents the verti-
cal coil’s output. The vertical coil outputs a zero voltage
above the cable with two peaks on both sides of the
cable.
It must be noted that the MF is orthogonal to the cable’s
vector direction dk and the vector rk pointing form the
source point Sk to the sample point Pk.
The measurement equation depends upon the sensors
and, in the case of two searching coils, can be described
as:
zk = h(xk) + vk =
[
CH + vHk
CV + vVk
]
=
[
Bk · hˆk + vHk
Bk · zˆ + vVk
]
(15)
In Equation (15), value CH + vHk is the output from the
horizontal coil where vHk is the measurement noise and
likewise CV + vVk ) the output from the vertical coil with
vVk representing the measurement noise. The vector pˆ k is a
unit vector of the boat movement assuming that the centre
line of the horizontal coil is placed in the same direction
as the vector p k. The vector zˆ = [0, 0, 1] is a unit vec-
tor in the z-direction and direction of the vertical coil. In
other words, the measurement of the coil is the result of
the projection of the MF along the direction of the coil’s
centre line.
The measurement noise vk is related to the output of the
coils, precision of the hardware and surrounding magnetic
noises. It can be assumed that this is white Gaussian noise.
Thus, combining Equations (14) and (15) gives the
measurement function in terms of state variables:
zk =
⎡⎢⎢⎢⎣
c
( dˆk+1 × [Pk − Sk])
|[Pk − Sk]|3
· hˆk + vHk
c
( dˆk+1 × [Pk − Sk])
|[Pk − Sk]|3
· [0, 0, 1] + vVk
⎤⎥⎥⎥⎦ (16)
Figure 4. Direction of measurement coils in relation to the vector of MF.
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Figure 5. Distribution of readings from horizontal and vertical coils.
Equation (16) can be represented as the Cartesian compo-
nents of the vectors:
zk =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
c
|[Pk − Sk]|3
⎡⎢⎣ xˆ yˆ zˆdˆ(x)k+1 dˆ(y)k+1 dˆ(z)k+1
P(x)k − S(x)k P(y)k − S(y)k P(z)k − S(z)k
⎤⎥⎦
·
⎡⎢⎣h
(x)
k
h(y)k
h(z)k
⎤⎥⎦+ vHk
c
|[Pk − Sk]|3
⎡⎢⎣ xˆ yˆ zˆdˆ(x)k+1 dˆ(y)k+1 dˆ(z)k+1
P(x)k − S(x)k P(y)k − S(y)k P(z)k − S(z)k
⎤⎥⎦
·
⎡⎣00
1
⎤⎦+ vVk
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(17)
where, in Equation (17), the vector product can be
expanded as:⎡⎢⎣ xˆ yˆ zˆdˆ(x)k+1 dˆ(y)k+1 dˆ(z)k+1
P(x)k − S(x)k P(y)k − S(y)k P(z)k − S(z)k
⎤⎥⎦
= (dˆ(y)k+1(P(z)k − S(z)k ) − dˆ(z)k+1(P(y)k − S(y)k ))xˆ
+ (dˆ(x)k+1(P(z)k − S(z)k ) − dˆ(z)k+1(P(x)k − S(x)k ))yˆ (18)
+ (dˆ(x)k+1(P(y)k − S(y)k ) − dˆ(y)k+1(P(x)k − S(x)k ))zˆ
Using the fact that the vertical coil output is a dot
product of unit zˆ vector, Equation (17) can be simpliﬁed
to:
zk =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
c
|[Pk − Sk]|3
⎡⎢⎣ xˆ yˆ zˆdˆ(x)k+1 dˆ(y)k+1 dˆ(z)k+1
P(x)k − S(x)k P(y)k − S(y)k P(z)k − S(z)k
⎤⎥⎦
·
⎡⎢⎣h
(x)
k
h(y)k
h(z)k
⎤⎥⎦+ vHk
c
|[Pk − Sk]|3
(zˆ + dˆ(z)k + (P(x)k − S(x)k )) + vVk
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(19)
where, in Equation (19), the term |[Pk − Sk]| is the length
of the distance vector rk from the source to the measure-
ment point. The modulus is deﬁned as follows:
|[Pk − Sk]|
=
(√
(P(x)k − S(x)k )
2 + (P(y)k − S(y)k )
2 + (P(z)k − S(z)k )
2
)
(20)
In the case when the survey platform moves along the
path perpendicular to the direction of the cable, Equation
(15) reduces to trigonometric functions with sine and
cosine of the MF strength:
zk =
[
cos(|Bk|) + vHk
sin(|Bk|) + vVk
]
(21)
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This simpliﬁed relation in Equation (21) will be used in
the implementation of a particle ﬁlter where the boat path
can be assumed to be a straight line perpendicular to the
cable. In that case, the magnetic source can be assumed as
a point resulting from a cross-section of the cable.
The conﬁguration of the coils and placing the horizon-
tal coil axis in line with the platform’s heading ensures
the best readings from the horizontal coil are obtained. An
oﬀset from the path perpendicular to the cable results in
corrupted readings. The corruption in the readings can be
calculated by the sine of an angle between the platform’s
direction and the cable direction. For a small oﬀset such as
yaw and roll, it is assumed to be a white noise. The perpen-
dicular platform’s path ensures the best possible readings
and signal-to-noise ratio.
Particle filters for estimation of cable location
The position and direction of the cable here will be
estimated using particle ﬁlters techniques, a stochastic
approach. Particle ﬁlters were introduced by Gordon
(1993) as a robust Bayesian approach to estimate dynam-
ical state probability density functions (PDF) (Fallon and
Godsill 2010; Crisan & Obanubi 2012). The need to con-
struct such a ﬁlter arose from a consideration of nonlin-
ear or non-Gaussian problems without a general analytic
expression for the required PDF. The main idea behind
particle ﬁlters is to approximate recursively the PDF by
a set of random samples called particles. The particles
tend to concentrate in the regions of high probability den-
sity and hence give an approximation of the true PDF
value.
The particle ﬁlter algorithm propagates and updates a
set of random samples {xk−1(i) : i = 1, . . . ,N } from the
PDF p(xk−1|Dk−1) to obtain a set of values {xk(i) : i =
1, . . . ,N } with a distribution close to p(xk|Dk).
A schematic representation of the particle ﬁlter
algorithm is represented in Figure 6. At every itera-
tion, a set of particles is initialized. This set constitutes
an N -number of theoretical sources. For every particle’s
Figure 6. Particle ﬁlter algorithm.
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source, the calculated theoretical MF produces the distri-
bution of horizontal and vertical coil’s readings at each
sample point. The distributions of the readings are com-
pared with experimental data. The sum of absolute dis-
tances between theoretical readings and measured readings
at each point gives the overall diﬀerence between the
theoretical and measured distribution. The inverse of the
overall distance is assigned to each particle as a weight.
The weights are normalized to sum up to unity.
From the set of particles, the particle with the highest
weight is the most plausible for the true cable’s location.
The rest of the particles in the set tend to cumulate around
the best solution. The spread of the particles gives a tol-
erance to the true localization. If the tolerance is larger
than the accepted solution, the particles are regenerated and
resampled.
In the regeneration step, only a quartile of particles
with the highest weights are chosen. To test diﬀerent solu-
tions, for each chosen particle, three new particles are
randomly generated. The particles diverge from the initial
one, inversely proportional to its weight. If the weight of
the initial particle is high, the new particles test solutions
in a small proximity to the initial source. If the weight of
the particle is low, the new particles test a wider range of
possible solutions.
After the regeneration step, the algorithm starts a new
iteration, where, for each particle, the MF and the resulting
theoretical coil readings are generated, and the weights are
computed.
Results and discussion
The main purpose of the cable survey is to estimate its
exact location in terms of a geographical position and its
burial depth. The geographical position can be expressed
as GPS readings or as a coordinates in a local grid. The
most common GPS positioning for underwater surveys has
serious limitations. The reading is not possible underwater
and is always related to the surface reading. Knowing the
GPS position of the surveying platform and taking it as a
centre of the coordinates system helps simplify the cable
survey.
The burial depth can also be related to the platform
position. A water depth echo sounding is standard practice
during a marine survey. Calculation of the burial depth is a
straightforward diﬀerence between the length of the water
column below the samples and the distance from the cable.
All positioning parameters can be estimated using a
particle ﬁlter. To conﬁrm the method, an experiment was
conducted near the Danish shore on the Baltic Sea. The
cable was partially buried in a sandy sea bed. A very-low-
frequency alternating current was induced in the armour
of the power cable, and the MF was sampled on the sea
surface, where the water depth was 4–15 m. During the
experiment, samples were taken every second. With the
boat moving at 3–4 knots, the distance between points was
approximately 2 m.
Particle filtering for point localization
Initially, a particle ﬁlter was used to establish the region
of interest (ROI) from the readings of both vertical and
horizontal coils. The reading from the horizontal coil is
related to the signal’s MF through the cosine function. This
means that the output from the horizontal coil reaches its
peak above the cable. The reading from the vertical coil is
related by the sine function, and the reading directly above
the cable would give a zero reading. The ROI is calculated
as the square area below the sample point with a maxi-
mum distance between the horizontal and vertical coils.
The sample is not necessarily taken above the cable, and
the reading is corrupted by noise. For this reason, the ROI
is extended to cover 20 sample points before and 20 sam-
ple points after the initial source. For each sample point, the
depth of the water column is measured by an echo sounder.
The cable can lie on the sea bottom, buried up to 3 m or
suspended in the water. The height of the ROI is taken from
3 m below the sea ﬂoor to 2 m above.
Each particle represents a hypothetical source. For cal-
culating the distribution of the MF, not only the position of
the source but also its attenuation is important. The atten-
uation is related to the water conductivity whose general
value is known before the survey. The conductivity of the
sea water varies from about 1 S/m in the Baltic Sea to 5
S/m in the sea around the UK. The estimated value for the
survey area was 1.6 S/m. Each particle in the ROI has a
randomly assigned conductivity that is bound by 0.5 S/m
below and above the estimated value.
The results from the particle ﬁlter are compared with an
output from a traditional inspection method where the diver
localizes the cable using a proprietary technique based on
the Tinelsey 5930 MK II (Tinsley 2012).
In an initialization step, N particles are drawn. The
number of particles is arbitrarily chosen as N = 1000. For
each particle, the theoretical distribution of the MF is cal-
culated. From this distribution, the theoretical readings of
the horizontal and vertical coils are calculated for each data
point.
Figure 7 shows the initialization of a particle ﬁlter. The
left image shows the ROI and 1000 hypothetical sources.
The line with a × symbol represents the horizontal coil
readings for each sample point, and the line with a +
symbol represents the vertical coil readings.
After the particles’ initialization, particle weights are
assigned to each theoretical source. The square root dis-
tances between the experimental and calculated coil read-
ings are normalized and assigned to particles. A particle’s
probability of being chosen depends upon its weight and is
higher if the distance between the particle distribution and
the experimental readings is shorter.
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Figure 7. Initialization of particle ﬁlter.
New theoretical sources are included in the next step
after resampling the area, and the particle weights are recal-
culated. Gaussian noise is added to the position, and an
attenuation parameter is assigned to each particle. The
noise depends upon the particle weight. The greater weight
comes from the particle with a smaller distance, thus closer
to the real source. If the weight of the particle is greater,
the added noise is smaller to test an area in close proxim-
ity to the particle. Figure 8 shows a conversion of sources
after 10 iterations. The hypothetical sources concentrate in
the region of most acceptable area near the true source.
In Figure 8, the star point represents the source with the
shortest distance from the experimental readings. The dis-
tributions of theoretical horizontal and vertical readings are
represented as green and blue lines with triangles at each
sampling point.
The resampling procedure is repeated to evaluate the
best possible source. Figure 9 shows particles converging
after 100 iterations. The particles cumulate in the cloud of
highest probability of the true source. Each particle has a
diﬀerent attenuation rate. The source with the smallest dis-
tance and the highest weight represents the best estimation
of the true source position and attenuation parameter.
The particle ﬁlter algorithm gives not only the estima-
tion of the best position of the source but also the best
estimation of the local attenuation rate. The major advan-
tage of the PF algorithm is that it can ﬁnd a source even
without correctly given parameters, which is not possi-
ble with some well-known ﬁltering techniques such as the
Kalman ﬁlter and its variants.
The cable source localization from a particle ﬁlter pro-
vided a result that complies with the diver’s inspection. The
diﬀerence between the calculated cable location and the
location estimated by the diver is within 0.15 m, which is
an error accepted by the Tinsley. Both positions are shown
in the middle top sources element of Figure 9. The point
estimation technique of PF will be used next to localize the
section of the subsea cable.
Verification of particle filtering localization for a section
of the cable
The purpose of the cable survey is to investigate a section
of a cable rather than only one position as described above.
The one position estimation method of particle ﬁltering can
be extended to locate the section of the cable. The MF
distribution from the section of the cable on the sea sur-
face can be sampled and measured by magnetic sensors.
The sampled distribution of the MF gives an indication of
the cable position. For the straight section of the cable, the
only initial starting position and the initial direction can
be estimated. For the particle ﬁlter algorithm, all points on
the cable corresponding to the sample points are estimated
along the cable section starting from the initial position and
direction.
The PF algorithm for cable localization is initialized by
drawing a set of hypothetical sections of the cable in the
ROI. The ROI is calculated based on two peaks obtained
from the horizontal and vertical searching coils. The peaks
are considered on the ﬁrst and last survey line.
To test the validity of the straight cable assumption,
all peaks in the survey area can be regressed with lin-
ear regression. The standard goodness-of-ﬁt test (Smith &
Rose 1995) gives a good indication of the cable path.
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Figure 8. Particle ﬁlter after 10 iterations.
Figure 9. Particle ﬁlter after 100 iterations.
After the ROIs have been evaluated and the straight
cable path assumption holds, the particle cables are drawn
with starting and ending points between the ROIs. For
each sample point, the nearest point on the particle cable
is evaluated, and a vector of the MF is calculated using
Equation (14).
Figure 10 shows the PF iteration. Ten hypothetical
lines are drawn in between the ROIs region under the
peaks. Each particle representing a hypothetical cable con-
tains a possible position of the cable characterized by its
directional vector and a starting-point but also includes an
attenuation parameter. The particles are chosen randomly
from an ROI. The distribution of MF is calculated using
Equation (14), and from this value the sensors readings are
calculated using Equation (16).
The algorithm becomes sensitive to the initial value
of the attenuation parameter, and care should be taken to
select this parameter as close as possible to its true value,
taking into account prevailing environmental conditions.
The particles are iterated with the initial parameters. Only
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Figure 10. Particle cable iterations.
a ﬁrst quartile is propagated to the next step. The distance
between the particle’s MF distribution and experimental
data is calculated. The weights are assigned as an inverse of
distances, normalized along all particles. From the set of all
particles, a quarter with the highest weights are chosen to
propagate to the ﬁrst step. Each particle in a chosen quartile
propagates with three additional particles. The additional
particles cover an area close to the base particle. They are
constructed based on the initial particle with added Gaus-
sian noise. The particles move closer to the true value of
the cable’s location and attenuation parameter after each
iteration.
It can be observed that the particles tend to cumulate in
the most plausible region after ﬁve iterations. The particles
converge to a small area, which is the true location of the
straight section of the cable.
Point estimation and location of the straight section of
the cable by PF can be used to locate any length and shape
of the cable by dividing the whole section of the cable
into a number of straight sections with diﬀerent starting
positions.
Conclusion
The subsea cable surveying is a diﬃcult but very important
task. However, the current methods based on deterministic,
single sampled measurement are limited to a short distance,
whereas the stochastic method of particle ﬁlters based on
the whole distribution of the MF is considered an attractive
alternative.
In this paper, the particle ﬁlters approach is presented,
where both the starting position and the straight section
of a subsea cable are localized. Particle ﬁlters correctly
estimated not only the position of the cable but also the
attenuation parameter, which is often diﬃcult to obtain in
a marine environment.
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The method can be used on a small survey platform
equipped with a magnetic sensor such as searching coils,
a GPS, a heading compass and sonar to measure the water
depth. Most importantly, the method eliminates the need
for a diver or to engage a specialized platform such as a
remotely operated or an autonomous vehicle.
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